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tive	 high	 importance	 of	 the	 austral	 hake	 and	 salmon	 pellets	 in	 the	 diet.	 Immature	
sharks	fed	more	on	pellets	and	anchovies	than	the	larger	hake-	preferring	mature	fe-
males.	Our	results	also	indicate	that	spiny	dogfish	switch	prey	(anchovy	to	hake)	to	


























producing	 zones	 of	 anoxic	 conditions	 (Brown,	 Gowen,	 &	 McLusky,	

















otters	 (Ebensperger	 &	 Botto-	Mahan,	 1997),	 blue	 and	 humpback	
whales	 (Hucke-	Gaete	 et	al.,	 2004),	 dolphins	 and	 pinnipeds	 (Ribeiro	
et	al.,	 2007;	 Veríssimo	 et	al.,	 2010),	 and	 skates	 and	 sharks	 (Lamilla	
et	al.,	2005;	Quiroz,	Wiff,	&	Céspedes,	2009;	Valenzuela,	Bustamante,	
&	Lamilla,	2008).	Most	of	these	marine	animals	use	the	Chiloé	Sea	as	
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(e.g.,	hake,	mackerel,	sardine,	and	anchovy)	and	intensive	aquaculture	
systems	(e.g.,	salmon,	mussels)	in	the	Chiloé	Sea	(De	La	Torriente	et	al.,	




et	al.,	2007).	One	of	 the	best	examples	of	 this	situation	 is	 the	spiny	
dogfish	Squalus acanthias.	This	coastal	squaloid	shark,	as	well	as	other	
dogfish	 species	 (e.g.,	 Centroscyllium granulatum and Deania calcea),	
is	 common	 bycatch	 species	 in	 many	 small	 and	 large-	scale	 fisheries	
in	 southern	Chile	 (De	 La	Torriente	 et	al.,	 2010;	 Lamilla	 et	al.,	 2005;	
Valenzuela	et	al.,	2008).	Unfortunately,	little	is	known	about	the	abun-










2  | MATERIAL AND METHODS
Spiny	dogfish	(N	=	102;	89	females	and	13	males)	were	collected	from	
bycatch	of	artisanal	fisheries	in	the	inner	sea	of	Chiloe	Island	(41°40′S;	
72°39′W)	 at	 the	 northern	 part	 of	 the	Chilean	 Southern	 fiords	 area	
(Figure	1)	during	May–August	(winter)	2013	and	December–February	
(summer)	 2014.	 These	 fisheries	 exploit	 small	 pelagic	 fish	 species	
such	as	jack	mackerel,	anchoveta,	hake,	sardine	among	others.	Once	














of	Chiloé,	 and	assumed	 to	be	S. acanthias,	we	 sequenced	a	670-	bp	
fragment	of	 the	cytochrome	c	oxidase	 subunit	1	gene	 (Cox1).	Total	
genomic	 DNA	 (gDNA)	 was	 extracted	 from	muscle	 of	 10	 randomly	
selected	 individuals	 using	 the	 standard	 phenol-	chloroform	method.	
Cox1	sequences	were	amplified	by	polymerase	chain	reaction	 (PCR)	
using	 primers	 reported	 elsewhere	 (Fallabella,	 1994;	 Ward	 et	al.,	
2007).	PCR	products	were	purified	using	the	ENZA	DNA	Purification	
Kit	 (OMEGA).	 Sequencing	was	 performed	 at	 the	 Departamento	 de	
Ecología—Universidad	 Católica	 de	 Chile.	 All	 sequences	 were	 com-
pared	 against	 the	 GenBank	 nonredundant	 protein	 database	 using	
BLASTN.	Sequences	showing	significant	hits	(E	value	<	.001)	and	high	
percent	of	identity	(>99%)	were	downloaded	from	GenBank	for	pos-
terior	 analysis.	 Sequences	 were	 aligned	 using	 the	MAFFT	 platform	




the	 PopART	 program	 (Leigh	 &	 Bryant,	 2015)	 to	 estimate	 the	 “fine	
scaled”	 intraspecific	relationships	among	Chilean	sequences	and	the	










was	 based	 on	 intact	 and	 remaining	 hard	 structures	 combined	with	
general	 shape	 and	 anatomical	 features	 of	 prey.	 Recognizable	 prey	
items	 were	 identified	 to	 the	 lowest	 possible	 taxon,	 following	 the	
osteological	 guide	 of	 fishes	 (Fallabella,	 1994)	 from	 the	 Biological	
Collection	 at	 the	Zoology	 Institute	of	 the	UACh.	Because	 the	 sam-
ple	size	was	relatively	small,	cumulative	number	of	prey	curves	was	
used	 to	 evaluate	 adequacy	 of	 the	 sample	 size	 in	 our	 study.	 These	
curves	were	 estimated	with	 asymptotic	models	 using	 two	different	
approaches:	 (1)	 the	 rarefaction	 curve	 and	 (2)	 the	 trophic	 diversity	
curve	based	on	the	number	of	prey	items	and	the	number	of	stomachs	
sampled	 (Cortés,	1997;	Mardulyn,	2012).	The	rarefaction	curve	was	





































the	89	 females.	A	 regression	analysis	was	 first	 conducted	 to	deter-
mine	length–weight	relationships	using	the	following	equation:









a/b	 (Nakano,	Hayashi,	&	Nagamine,	2015).	 Litter	 size	was	 recorded	
for	 pregnant	 females,	 along	 with	 sex,	 total	 length	 (TLpup),	 weight	
(Wpup),	and	volume	of	the	yolk	sac	(V)	for	each	embryo.	Relationships	
between	length–weight,	 length–volume	of	the	yolk	sac,	and	the	sex	










against	GenBank	 showed	 high	 similarity	 (>99%)	 to	 S. acanthias	 fol-









































F IGURE  2 Cumulative	prey	curves	for	females	of	Squalus 
acanthias,	the	vertical	axis	shows	the	number	of	prey	items	and	the	
horizontal	axis	shows	the	number	of	guts	analyzed







Figure	3c).	 For	 instance,	 during	winter,	 anchovy	 and	 salmon	 pellets	
represent	 93%	 of	 the	 prey	 contribution	 to	 the	 %RI,	 while	 in	 sum-
mer,	hake	and	pellets	are	the	most	important	items	with	~74%	of	RI	
(Table	1,	Figure	3c).	No	differences	 in	 the	number	of	 immature	and	
mature	females	were	detected	between	seasons	(χ2 =	1.9,	P	=	.59).
3.3 | Reproductive development and fecundity
Females	of	S. acanthias	collected	 in	the	Chiloé	Sea	ranged	 in	 length	
from	 46	 to	 98	cm	 (mean	±	1	 SD:	 79	±	11	cm).	 Their	 weights	 varied	
between	 0.7	 and	 4.9	kg	 (mean	±	1	 SD:	 2.4	±	1	kg).	 The	 relationship	
between	 these	 two	 variables	 revealed	 a	 positive	 allometric	 trend	
for	 somatic	 growth	 (Figure	4a,	 R2 = .915; P	<	.001).	 The	 estimated	
length	at	50%	maturity	was	72.8	cm	(r	=	.998,	Figure	4b).	The	number	
of	oocytes	with	a	diameter	over	2	cm	varied	between	three	and	17	
(mean	±	SD:	 7.67	±	2.8	oocytes),	 and	no	 significant	 relationship	was	
detected	between	the	TL	of	mature	females	and	the	number	of	eggs	
TABLE  1 Diet	composition	of	females	Squalus acanthias
Total Stages of development Seasons
Stomach contents %O %N %W %RI %RI mature %RI immature %RI winter %RI summer
Unidentified 13.1 5.2 1.5 0.93 0.7 1.1 0.8 7.3
Pellet 57.4 30.9 26.6 35.5 14.4 35.8 48.6 37.7
Hake 49.2 40.4 52.4 48.9 74.5 43.0 4.5 36.4
Anchovy 37.7 15.7 13.1 11.6 1.0 7.7 44.4 3.2
Sardine 19.6 7.8 6.5 3.1 9.4 12.4 1.7 15.4
F IGURE  3 Trophic	ecology	in	females	of	Squalus acanthias.	(a)	Relative	importance	(%RI)	of	functional	prey	categories.	Vertical	lines	indicate	
the	three	levels	of	importance	of	the	functional	prey	categories	according	to	discontinuities	in	the	slope	of	the	%RI	curve.	Comparative	analysis	
of	the	relative	importance	(%RI)	between	(b)	maturity	stages	and	(c)	seasons
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(Figure	4c,	R2 = .002; P	<	.91).	On	the	other	hand,	the	number	of	em-
bryos	showed	a	 low	but	positive	 relationship	with	 the	TL	of	 the	 fe-
male	sharks	(Figure	4d,	R2	=	.348;	P	<	0.012)	ranging	between	one	and	
12	embryos	per	 female	 (mean	±	SD:	5.52	±	3.1).	A	 total	of	274	em-
bryos	were	found	with	lengths	between	3.6	and	25.8	cm	(mean	±	SD: 
12.7	±	5.7	cm)	 and	 weights	 between	 2.5	 and	 40.8	g	 (mean	±	SD: 
12.3	±	11.9	g).	The	relationship	between	total	length	(TLpup)	and	weight	
(Wpup)	of	pups	suggests	that	embryos	increase	in	weight	exponentially	
(Figure	5a,	R2 = .913; P	<	0.001)	and	as	they	grow	the	weight	of	their	





Interactions	between	marine	predators	 and	humans	 arise	 in	 coastal	
ecosystems	 in	various	parts	of	 the	world	where	 feeding	and	 repro-
duction	 sites	overlap	with	economic	 activities	 such	as	 fisheries	 and	
aquaculture.	These	interactions	include	(1)	mortality	through	bycatch;	





Kemper	 et	al.,	 2003;	 Kutti	 et	al.,	 2007;	 Papastamatiou	 et	al.,	 2010;	
Ribeiro	et	al.,	2007;	Sepúlveda	&	Oliva,	2005;	Sepulveda	et	al.,	2007;	
F IGURE  4 Reproductive	biology	of	Squalus acanthias	females	in	the	Chiloe	Sea.	(a)	Allometric	relationship	between	the	total	weight	and	total	
length	of	spiny	dogfish.	Relationships	between	length	of	female	sharks	and	(b)	the	percentage	of	mature	females,	(c)	the	number	of	eggs	and	(d)	
the	number	of	embryos

















sharks	 are	 removed	 at	 sea	 to	minimize	 storage	 needs	 and	 prevent	
spoiling	(Shivji	et	al.,	2002).	Therefore,	different	molecular	approaches	
have	 been	 recommended	 for	 shark	 species	 identification.	 One	 ap-
proach	 is	DNA	barcoding	using	universal	primers	 to	amplify	part	of	
target	genes	(Holmes,	Steinke,	&	Ward,	2009;	Ward	et	al.,	2008).	This	
approach	 is	 similar	 to	 the	 traditional	 morphology-	based	 methods,	
where	species	identification	is	based	on	the	presence	or	absence	of	
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network	with	 one	 very	 common,	 central	 haplotype	 and	 several	 de-
rived	and	low-	frequency	haplotypes	(Veríssimo	et	al.,	2010).
4.2 | Trophic ecology of Squalus acanthias around 
salmon farms in Chile





regions	 of	 the	 world	 (Alonso	 et	al.,	 2002;	 Avsar,	 2001;	 Demirhan,	
Seyhan,	&	Basusta,	2007;	Dunn	et	al.,	2013;	Hanchet,	1991;	Holden,	
1966;	Laptikhovsky,	Arkhipkin,	&	Henderson,	2001;	Tanasichuk	et	al.,	
1991).	 Salmon	 farms	 are	 known	 to	 affect	 the	 surrounding	 environ-
ment	and	 local	marine	communities	by	the	addition	of	organic	mat-
ter	in	the	form	of	feces	and	uneaten	feed	(Kutti	et	al.,	2007;	Soto	&	




et	al.,	 2010).	Here,	 the	 presence	 of	 salmon	 pellets	 in	 the	 diet	 of	S. 
acanthias	raises	concern	about	the	potential	impact	of	salmon	farms	
on	 the	 biology	 of	marine	 predators,	 their	 trophic	 relationships,	 and	

























2012).	However,	 female	 spiny	 dogfish	 in	Chile	 showed	 a	 functional	
specialist	 behavior	 as	 indicated	 by	 the	 small	 number	 of	 prey	 items	
and	 the	 relative	 high	 importance	 of	 the	 austral	 hake	 and	 pellets	 in	
the	diet.	The	trophic	niche	of	S. acanthias	populations	in	the	Northern	
Hemisphere,	 the	Southwest	Atlantic,	 and	Southwest	Pacific	 is	 char-
acterized	by	a	great	diversity	of	 teleost	 fishes	 (e.g.,	hakes,	 sandeels,	
gobies,	 herrings,	 anchovies,	 and	whiting),	 crustaceans	 (e.g.,	 shrimps,	
crabs,	lobsters,	and	euphausiids),	mollusks	(e.g.,	squids	and	octopuses),	
and	 other	 invertebrates	 (e.g.,	 salps,	 sea	 anemones,	 nematodes,	 and	
polychaetes)	(Alonso	et	al.,	2002;	Avsar,	2001;	Belleggia	et	al.,	2012;	












of	 salmon	 cages	 (Buschmann	et	al.,	 2009;	Hall-	Spencer	 et	al.,	 2006;	
Outeiro	&	Villasante,	2013).
From	an	ontogenetic	perspective,	S. acanthias	 exhibits	 substan-
tial	variation	in	diet	with	body	length	(e.g.,	Alonso	et	al.,	2002;	Avsar,	
2001;	Demirhan	et	al.,	2007;	Dunn	et	al.,	2013;	Hanchet,	1991).	This	

















The	relatively	 larger	size	and	 increased	residence	 time	of	 fishes	near	
salmon	farms	compared	with	fishes	from	other	areas	is	explained	by	the	
availability	of	high-	energy	pellets	 from	salmon	cages,	as	documented	







Northern	Hemisphere	 populations	 (Avsar,	 2001;	Gračan	 et	al.,	 2015;	
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Jones	&	Ugland,	2001;	Yigin	&	Ismen,	2013),	but	with	positive	allomet-
ric	 trends	 for	 somatic	growth	 (TL	~	W)	 in	all	of	 the	cases.	The	size	at	
50%	maturity	of	S. acanthias	in	the	Chiloé	Sea	(72.8	cm)	was	higher	than	




(Avsar,	 2001),	 the	 Northeast	 (77–78.2	cm)	 (Henderson,	 Flannery,	 &	
Dunne,	 2002;	 Stenberg,	 2005)	 and	 Northwest	 (79.1	cm)	 (Sosebee,	
2005)	Atlantic,	and	British	Columbia	waters	(93.5	cm)	(Ketchen,	1972).	
Although	regional	differences	 in	TL50%	occur,	 there	 is	no	evidence	of	
particular	effects	of	 local	conditions	 (i.e.,	 salmon	farming)	on	this	pa-
rameter	 of	 S. acanthias	 in	 the	Chiloé	 Sea.	 Fecundity	 (i.e.,	 number	 of	
eggs	and	embryos)	was	also	within	 the	values	described	 for	S. acan-
thias	 elsewhere	 in	 the	world,	with	 an	 increasing	number	of	 embryos	










from	 this	 study,	 there	 appears	 to	 be	 no	 demographic	 expression	 in	
terms	of	 fecundity	or	 size	at	maturity	of	 these	 trophic	 changes	due	
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